Neutrino-antineutrino conversion is an important new physics process. The observation of this phenomenon could indicate total lepton number violation and potential CPT-violation. Searching for the appearance of electron antineutrinos from solar neutrinos from 8 B decay allows us to hunt for this rare process, although it can also be explained by other mechanisms or hypotheses. This analysis examines the capabilities of observing neutrino-antineutrino transition from 8 B unoscillated solar neutrinos using different liquid scintillator detector configurations. High energy reactor neutrinos and atmospheric neutrinos are the two dominant background sources. Large volume liquid scintillator detectors with deep underground shielding, placed far away from reactors and with capabilities of pulse shaped discrimination will significantly increase the search sensitivity. It is demonstrated that for the next generation of large liquid scintillator detectors being planned or under construction, the sensitivity to the average probability of neutrino-antineutrino transitions can reach 10 −6 , which is an order of magnitude better than the current best experimental limits.
Introduction
The conservation of lepton numbers, which is not connected with gauge symmetry, has an accidental character in the Standard Model (SM). In principle physics beyond the SM does not obligate conversation of lepton numbers. Additionally, there is a strong bond between lepton number violation in the presence of CPviolation and leptogenesis as a possible explanation for baryon asymmetry. After the successful discovery of neutrino oscillations, which has demonstrated that neutrinos are massive particles and the violation of flavor lepton numbers (L e , L µ , L τ ) [1] , it became clear that the SM has to be extended. However, flavor lepton number is conserved in processes with charged leptons. For example, neutrinoless muon decay µ ± → e ± + γ with branching ratio > 4.2 · 10 −13 is excluded at 90% C.L. [2] , which is kinematically allowed. Furthermore, the violation of total lepton number has not yet been experimentally observed. Another important issue for the nature of neutrino mass, Dirac or Majorana, has not been resolved yet. Dirac particles mean that neutrinos and antineutrinos are two different particles. However, if neutrinos are Majorana particles, they are identical to antineutrinos, which means total lepton number violation with ∆L = 2. The current best probe for the Majorana nature of neutrinos is searching for neutrinoless double beta-decay [3] .
To search neutrino-antineutrino transition from solar neutrinos [4] - [6] is another possible way of observing total lepton number violation. The idea was first mentioned by Bruno Pontecorvo in 1957 [7] . This process involves breaking CPT symmetry which can be interpreted in the framework of the Standard Model Extension (SME) [8] . The analysis of CPT-violation for solar neutrinos is discussed in [9] . To be noted, solar ν →ν can also be explained using several exotic ideas. One is a quite popular theory from the time before neutrino oscillation was observed, spin-flavor precession (SFP). In a strong magnetic field neutrinos can be converted into antineutrinos if the neutrino magnetic moment is non-zero [10] . This process goes in two stages. The first stage is when ν e turns intoν µ inside the Sun, and the second stage -ν µ oscillates tō ν e during propagation to the Earth [11] . Several other options for transitions are the decay of the heaviest neutrino mass eigenstate into the light antineutrino mass eigenstate [12] , or the oscillation of neutrinos into sterile states and then into antineutrinos [13] and etc. It is worth mentioning that observation of ν →ν will not automatically imply the Majorana nature of neutrinos.
To date the experimental upper limits on transition between neutrinos and antineutrinos are set from two solar neutrino measurements: Borexino experiment with 1.3 × 10 −4 [14] and KamLAND experiment with 5.3 × 10 −5 at 90% C.L. [15] . Since liquid scintillator (LSc) detectors have proven successful in solar neutrino measurements which have placed limits on neutrino-antineutrino transitions, this research aims to explore the potential of future LSc detectors to further investigate this phenomenon.
8 B neutrinos from the Sun
It is a well-known fact that the Sun emits huge amount of electron neutrinos with energy below 20 MeV. The majority of them are below 2 MeV. Only boron and hep neutrinos have an energy higher than the threshold of the inverse beta-decay reaction (IBD). The flux of hep neutrinos is a few orders of magnitude less than the flux of boron neutrinos.
8 B is created inside the Sun as part of the pp-III branch of pp-chain via the reaction of 7 Be and a single proton. Following that 8 B undergoes beta-plus decay which emits a single electron neutrino. The energy spectrum of boron neutrinos is continuous with an end point near 15. of the Standard Solar Model (SSM), the flux of boron neutrinos is 5.46 × 10 6 cm −2 · s −1 with a relative uncertainty of 12% [17] .
Thus if some parts of the boron solar neutrinos convert into antineutrinos, they can be detected by LSc detectors utilizing the IBD channel. Boron neutrinos are probably the most convenient source for the observation of neutrino-antineutrino transition. They have very long propagation time and well known spectra compared with other available neutrino sources. Additionally the flux and energy are convenient for LSc detectors. The averaged transition probability between ν e andν e for Boron neutrinos can be expressed as:
where N IBD -number of detected IBD-events; Φ -boron neutrino flux from the Sun; T -exposure time; n p -total number of free protons in the volume of the detector (for LAB LSc n p = 6.6 × 10 28 m −3 [18] ); ε -efficiency of IBD event selection; σ IBD (E ν ) -IBD cross-section [19] ; S(E ν ) -shape of the boron neutrino spectrum.
Liquid scintillator types and experimental configurations
Large active volume, high energy resolution and low energy threshold all make LSc as a popular target material for detectingν e through the IBD channel (ν e + p → e + + n). The positron quickly deposits energy and turns into two annihilation gammas, which give the prompt signal. After ∼ 200 µs the neutron is captured by a proton and emits a 2.2 MeV gamma. This unique double-coincidence feature of the IBD signals can largely reduce the detector backgrounds with quite high signal efficiency.
Several different types of large liquid scintillator detectors have been built or proposed for various physics purposes. The KamLAND experiment is located at Kamioka observatory near Toyama, Japan. It has the world largest LSc detector with the target mass of 1 kton. It has an averaged flux-weighted distance of 180 km from the reactors [15] . Borexino is located at Gran Sasso National Laboratory, Italy. It has the world's most radio-pure liquid scintillator with 273 tons target mass [14] . Those two experiments have placed the current best limits on solar neutrino-antineutrino conversion. There are two proposed large scale LSc detectors in China, JUNO [20] and Jinping [21] . JUNO stands for the Jiangmen Underground Neutrino Observatory, which is located in Guangdong Province, south China 53 km away from two powerful reactors. The design calls for a 20 kton liquid scintillator detector with unprecedentedly high energy resolution of 3%/ E(MeV). Upon construction in 2020 it will be the largest LSc detector in the world. Jinping neutrino detector will be located in Jinping Mountain, Sichuan Province, China with maximum overburden around 2400 meters. It has the lowest muon flux 2 · 10 −10 cm −2 · s −1 compared with other experimental facilities. The Jinping collaboration plans to build a 2 kton detector using slow scintillator. This delays the scintillation process and thus separates from the Cherenkov light. This can significantly increase the background rejection capability using the particle identification method (PID) [22] .
Given those different LSc types and detector configurations, this analysis considers two different experimental setups: reactor-based experiment (RE) which usually has relatively high IBD rates from reactors and other background sources, and low background experiment (LBE) which is located at deep underground and far away from reactors with quite low background. We also consider two options for the LBE target scintillator: normal and slow LSc. It should be mentioned that slow LSc usually does not work with a RE, because the event rate would be too high.
IBD-background and the choice of energy windows
Since our analysis is based on a simple counting model, the most significant issues are the estimation of backgrounds and the choice of energy windows for RE and LBE. Requiring coincidence between prompt and delayed signals for IBD selection allows single signals from background to be suppressed dramatically. However this does not reject background completely. The main sources of background are listed below:
• Reactor neutrino and geo-neutrino: Reactor neutrino and geo-neutrino are generated from the fission of Uranium and Putonium isotopes in the reactors, and beta decays of Uranium and Thorium inside the terrestrial crust, respectively. Those are the intrinsic electron anti-neutrino backgrounds. Reactor neutrino energy can reach ∼10 MeV [23] and most of the geo-neutrinos are below 3.4 MeV [21] .
• 9 Li/ The expected level of background in LBE and RE with exposure time 10 kt · year. Two types of LSc are assumed [22] . Fraction of boron spectrum for each window is shown in round brackets.
• Fast neutron: Energetic neutrons induced by cosmic ray muons can recoil protons or scatter with carbon nuclei which will give a prompt signal and followed neutron capture emits a gamma as a delayed signal. This can be largely suppressed by detector shielding. Furthermore, the prompt signal can be identified efficiently by particle identification with pulse shape discrimination (PSD) [22] .
• Atmospheric neutrinos through a charged current (CC) interaction: High energy ν µ /ν µ can produce muons and delayed neutrons which mimic IBD signals. The atmosphericν e background through the CC interaction is irreducible. However, the CC background induced by ν µ /ν µ is dominant. This background becomes more important with increasing energy. For boron neutrinos it is negligible.
• Atmospheric neutrinos through a neutral current (NC) interaction: High energy atmospheric neutrinos may collide with 12 C and eject a neutron which will imitate an IBD signal similarly to the fast neutron background. As demonstrated in [24] , this background can be significantly decreased after searching for a coincident signal from the decay of a final isotope and using PSD.
• Accidental coincidence and 13 C(α, n) 16 O: These two kinds of backgrounds depend on radioactivity. In addition, their spectra are in the low energy range, below 4 MeV and 6 MeV, respectively. For RE and LBE, they are negligible in comparison with other backgrounds [20, 25] .
Besides all above mentioned backgrounds, the thermal neutrino flux [26] from the Sun and the solar atmospheric neutrinos [27] may contribute to electron antineutrinos but mostly in different energy orders, keV and GeV respectively, in comparison with typical IBD energies. The solar thermal neutrino flux comes from the electromagnetic interaction of the particles constituting plasma. The solar atmospheric neutrinos, in naïve expectation, have as a similar production process as the atmospheric neutrinos on the Earth. [28] .
Since an LBE is significantly distant from any nuclear power plants, we can use 3.4 MeV to 15.8 MeV as the energy window. The lower bound of this interval excludes geo-neutrinos, which mostly contribute below 3.4 MeV [21] . We also consider another energy cut from 8.5 MeV to 15.8 MeV, which is above most of the reactor background. The choice of lower bound (8.5 MeV) is based on [15] . In this window the background consists of atmospheric NC events [22] and the tail of reactor spectrum. It should be noted that the tail may have quite a large uncertainty. As can be seen from our calculations later in this paper, if the total background uncertainty is larger than 10%, it is not possible to improve the current KamLAND result. Our background is unbinned, i.e. there are no bins inside chosen energy windows. Results for background estimation are based on the previous simulations from the JUNO and Jinping collaborations and summarized in Table 1 . Especially for the simulation of atmospheric NC background, GENIE was used for neutrino interactions [29] .
For RE the reactor background is much larger than for LBE, so it is reasonable to shift our energy windows. This background with new energy windows is shown in the last row of Table 1 . It should be emphasized that all values for NC background are presented after appropriate treatment as described in [24] . Approximation of the expected upper limits of signal and IBD-background for both types of experiments are shown in Figure 2 . Here the signal corresponds to the constant neutrino-antineutrino transition probability for the boron energy spectrum. We assume an IBD selection efficiency (ε) of 80% and 90% for RE and LBE respectively with a relative error of 2% in both cases. The expected νe →νe signal spectrum in the presence of the IBD-backgrounds. The left panel corresponds to a LBE with slow LSc (exposure time 10 kt·year), which can be associated with the Jinping detector and the right panel corresponds to a RE with normal LSc (exposure time 100 kt·year), which can be associated with the JUNO detector. The largest energy windows are chosen in both cases. The signal is normalized to the upper limit of the averaged probability with the appropriate exposure time.
Analysis and results
Our analysis examines the capabilities of measuring the average probability of neutrino-antineutrino transition (1) for both LSc experiment configurations. For this we need to accurately estimate IBD-background within the chosen energy windows. Let's assume, that the number of counts inside the detector is Poisson distributed and therefore its probability density function is:
where n -number of observed events; b -expected background; µ s -average value of estimated signal. Under this assumption background b is known with some precision, hence it can be represented with a Gaussian constraint. An analogous constraint is used for µ s . Thus the equation (2) will take the following form:
where α, β -nuisance parameters for estimated signal and background respectively; σ c -combined relative error of the signal; σ BKG -relative error of background. For σ c the dominant contribution comes from flux, so this value (12%) is used in the most cases of the current analysis. However for the energy window 12-15.8 MeV the shape uncertainty of the boron spectrum also contributes to the σ c . This cannot be ignored, and for this uncertainty we assign σ c = 13.6%. Usually in neutrino experiments background is well-known with relative error below 10% [24] , however in this analysis we decided to vary the σ BKG up to 40% and investigate what influence this has on the result. Since we are interested in µ s and this parameter is unknown, then it is reasonable to equate n to the expected value of background b and to evaluate the upper limit for µ s . For statistical analysis we use RooStats, which is based on RooFit [30, 31] . This software provides excellent tools for interval estimations and hypotheses tests using different statistical methods without extensive coding. Here we are using RooStats to find the upper limit for parameter µ s . Function (3) can be used as a pdf in RooStats calculators. In the current analysis we use two calculators, ProfileLikelihood and Bayesian. The ProfileLikelihood calculator is based on the likelihood ratio, so-called profile likelihood function which is used to find a confidence interval [31] . Standard definition of the profile likelihood function is:
where the likelihood function in the numerator should be minimized with respect to nuisance parameters α, β, and the parameter of interest (POI) µ s is fixed. The likelihood function in the denominator should be minimized with respect to all parameters. The one-side 90% C.L. for the POI can be obtained from − ln(λ) = 1.645. The Bayesian calculator computes the posterior probability of the POI. We use a Gaussian distribution as the prior distribution for parameters α and β. For this calculator the one-side 90% C.L. for the POI is determined as 90% of the area under posterior distribution. Both calculators are in good agreement for large statistics (more than 10 counts). However for low statistics we use the Bayesian calculator, because in this case the upper limit is independent of background. The 90% C.L. for average probability (1) as a function of exposure time is shown in Figure 3 . Additionally, our calculations demonstrate the advantage of using an energy window with lower background as opposed to higher statistics over a larger range of energy. Furthermore for large energy windows increasing exposure time does not improve the results, if the background error is higher than a few percent. It should be emphasized that the optimization of energy window should not include the compression of their width, because it will cause the denominator in formula (1) to decrease and consequently increase the probability. Both experimental facilities can improve the current experimental limit for neutrino-antineutrino transitions by at least an order of magnitude, however it is necessary to choose the energy windows carefully with focus on lower background across the window.
Conclusion
The new generation of LSc detectors will allow us to improve our understanding of the 3-neutrino oscillation paradigm, but also look for new physics. Transition between neutrinos and antineutrinos is a promising area in which to look. The observation of this phenomenon will at minimum confirm the breaking of CPT symmetry and violation of total lepton number by two units. Boron neutrinos could be a convenient candidate to search for such transitions due to their well-predicted spectrum and the fact that they have the longest propagation time among of all terrestrial neutrino (antineutrino) sources.
This research has demonstrated the superiority of using small energy windows with low background, especially when background is very close to zero, in comparison with large windows. An LBE with large mass and exposure time is better choice for this measurement in comparison with RE. Using real data it will be possible to optimize the width of the energy windows and thus slightly improve sensitivity. If transitions between neutrinos and antineutrinos exist with probability greater than 6 × 10 −6 and 9 × 10 −6 for reference points Jinping and JUNO respectively, then both experimental facilities have a big chance to observe this phenomenon during an exposure time of 10 years. Additionally the results of this count calculations can be applied to other exotic searches like antineutrinos from dark matter annihilation or antineutrinos from astronomic sources. 
